Signal peptides (SPs) are critical for protein transport across cellular membranes, have a highly conserved structure, and are cleaved from the mature protein upon translocation. Here, we report that naturally occurring mutations in the SP of the adhesive, tipassociated subunit of type 1 fimbriae (FimH) are positively selected in uropathogenic Escherichia coli. On the one hand, these mutations have a detrimental effect, with reduced FimH transport across the inner membrane, fewer FimH and fimbriae expressed on the bacterial surface, and decreased bacterial adhesion under flow conditions. On the other hand, the fimbriae expressed by the mutants are significantly longer on average, with many fimbriae able to stretch to >20 m in length. More surprisingly, the SP mutant bacteria display an increased ability to resist detachment from the surface upon a switch from high to low flow. This functional effect of longer fimbriae highlights the importance of the nonadhesive fimbrial rod for adhesive function. Also, whereas bacterial adhesion to bladder epithelial cells was preserved in most mutants, binding to and killing by human neutrophils was decreased, providing an additional reason the SP mutations are relatively common among uropathogenic strains. Thus, this study demonstrates how mutations in an SP, while decreasing transport function and not affecting the final structure of the translocated protein, can lead to functional gains of the extracellular organelles that incorporate the protein and overall adaptive changes in the organism's fitness.
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bacterial pathogenesis ͉ fimbrial morphology ͉ protein transport ͉ shear force P rotein transport across membranes is a fundamental process essential to all forms of life. Most transported proteins contain an amino-terminal region, termed the signal peptide (SP), which directs and facilitates membrane transport of the nascent protein and, then, in most cases is cleaved off, releasing the mature protein. The basic structural characteristics of SPs are highly conserved with three regions important for function: a positively charged amino terminus, a hydrophobic core, and a hydrophilic carboxyl terminus (1) (2) (3) . Although natural variation in SPs has been described for proteins from a variety of species, an adaptive benefit of the mutations is unlikely or is poorly understood (4) (5) (6) (7) (8) (9) .
In bacteria, SP-mediated membrane transport is common for proteins comprising fimbriae, hair-like surface structures that confer an adhesive phenotype to target cells or surfaces. Type 1 fimbriae of Escherichia coli are a model of the most common fimbrial class (I) of Gram-negative bacteria and are built of proteins transported across the inner (cytoplasmic) membrane via the general secretory pathway into the periplasm. During this process the SPs of the fimbrial subunits are cleaved. Fimbrial assembly is initiated at the outer membrane usher/chaperone (FimD/FimC) complex by the tip subunit, FimH, which is also the adhesive protein and consists of two domains, the mannosebinding lectin and fimbria-incorporating pilin domains. After additional minor subunits (FimG and FimF) are added, hundreds of the major subunit (FimA) are added to build the fimbrial rod in a spiral fashion (10, 11) . Whereas another class I fimbrial system (P fimbriae) has a terminator protein that controls fimbrial length by preventing further rod extension (12) , there is no well defined mechanism for controlling type 1 fimbrial length. Expression of type 1 fimbriae is regulated via an on/off mechanism controlled by an invertible promoter that initiates transcription of the entire fimAICDFGH operon (13) .
Type 1 fimbriae are expressed by Ͼ90% of both commensal and pathogenic E. coli (14) , and are a critical virulence factor for uropathogenic E. coli (15) . Knocking out FimH decreases bacterial colonization of the mouse bladder (16) , and FimH vaccination prevents urinary tract infections (UTIs) in mouse and primate models (17, 18) . Although FimH is important for adherence to uroepithelial cells, it also increases bacterial susceptibility to the host immune response by triggering lectinophagocytosis by neutrophils (19) .
The FimH adhesin mediates shear-enhanced binding via an allosteric catch bond mechanism, whereby tensile force converts FimH from a low-to high-affinity conformation that involves separation of the lectin and pilin domains (20) . The nonadhesive fimbrial rod might also be functionally significant for the mechanics of binding. It was shown that the helical rod uncoils under increasing tensile force and recoils upon a drop in force, possibly maintaining optimal force on the FimH-mannose bond during changes in shear stress (21) .
In uropathogenic strains the FimH adhesin often has adaptive point mutations in the mature protein that increase the ability of FimH to bind strongly under low shear stress typical of the urinary tract. However, additional mutations are present in the FimH SP in a sizeable portion of the E. coli population. The functional effects of these SP mutations remain unknown.
Here, we show that mutations in the FimH SP decrease FimH transport across the inner membrane, resulting in fewer fimbriae and decreased surface accumulation under flow. However, the fimbriae are also much longer. This increased length can explain the paradoxical phenomenon of enhanced maintenance of adhesion upon a shift from high to low flow, highlighting the functional importance of the nonadhesive fimbrial rod. Additionally, SP mutations result in decreased bacterial binding to and killing by neutrophils. These findings suggest that partial loss-of-function mutations in the FimH SP confer gain-offunction phenotypes that could be advantageous for uropathogenic E. coli. mous (amino acid replacement) mutations in the fimH signal sequence (Fig. 1A) . Threonine at position Ϫ6 was converted to asparagine (T-6N) four times independently, as the alleles with this mutation are phylogenetically distinct and the fimH sequences do not show signs of intragenic recombination by the Recombination Detection Program (22) . Nonsynonymous mutations also occur at position Ϫ10, where valine was converted to isoleucine (V-10I) and alanine (V-10A). These findings and a lack of synonymous (silent) changes in the fimH signal sequence indicate positive selection in the FimH SP (23 Decreased Transport Activity of the SP Mutants. Both mutated SP amino acid positions are located in the hydrophobic core region, which spans positions Ϫ5 to Ϫ13 as predicted by the SignalP hidden Markov model (24) (Fig. 1B) . Doud et al. (3) showed that the average hydrophobicity of an SP core region correlates with membrane transport efficiency, as measured by preprotein processing. The average hydrophobicities of the SP core regions of the WT and mutant FimH alleles were calculated by using the GES scale (25) and plotted on a graph depicting results from the Doud et al. study (3) , revealing that the mutations decrease the hydrophobicity of the core region to an extent that is predicted to decrease processing of the preprotein (Fig. 1C) .
FimH SP-mediated inner membrane transport activity was measured via translational fusions to alkaline phosphatase, a reporter gene that is only active once secreted into the periplasmic space (26) . Consistent with the computational prediction, the T-6N and T-6N/V-10I variants significantly decreased transport relative to WT (by 26% and 37%, respectively; Fig. 2A ). The V-10I mutation in isolation also resulted in a decrease relative to WT (data not shown). However, inconsistent with the computational prediction, the T-6N/V-10A variant did not significantly change transport relative to WT.
For further studies several synthetic mutations were tested to find an SP alteration with a partial, but more dramatic, effect on membrane transport than the naturally occurring SP mutations. Among them, V-4E, which introduces an acidic residue in the basic amino terminus and causes a 56% decrease in transport efficiency relative to WT (Fig. 2 A) , was included in subsequent analyses. We also measured fimbrial lengths from the electron micrographs and found that the T-6N/V-10I and V-4E mutants had significantly longer fimbriae than WT (19% and 27% longer, respectively; Fig. 2D ). Atomic force microscopy (AFM) was used as an additional method of fimbrial length measurement by pulling fimbriae via FimH attached to a cantilever and determining the length of uncoiled fimbriae. Average lengths were 20%, 56%, and 55% greater than WT for the T-6N, T-6N/V-10I, and V-4E mutants, respectively. At the end of a subset of pulls, some cantilever-attached fimbriae failed to detach because their uncoiled length was greater than the extent of the instrument (20 m). Such fimbriae were not included in the length measurements, but the T-6N/V-10I and V-4E variants had a significantly greater number of fimbriae that failed to detach than WT (Fig.  2F) , indicating that the average lengths in Fig. 2E are underestimated to a greater extent for these mutants.
SP Mutations Result in Decreased Attachment Under Flow.
When bacterial binding to a mannose-BSA-coated surface was tested under static conditions, no difference between WT and mutant strains was detected (Fig. 3A) . However, in the presence of shear stress generated by fluid flow, the accumulation rate of mutant bacteria was significantly decreased relative to WT, corresponding to the decreased number of surface FimH (Fig. 3B) . All strains demonstrated a shear-enhanced, catch bond mode of binding that peaked at the same shear stress (0.07 Pa; Fig. 3B ) and a similar rate of shear-induced conversion from a loosely attached, rolling mode of adhesion to a firmly bound, stationary mode (Fig. 3C ).
To test whether SP mutant bacteria exhibit increased detachment rates under flow conditions, bacteria that were attached to the surface were subjected to high shear stress (2 Pa). For all variants, there was no detectable detachment during 30 s of observation under high shear stress ( Fig. 3D; 0-30 s) .
SP Mutations Result in Sustained Strong Binding upon a Drop in Shear
Stress. Catch bonds not only switch from low-to high-affinity binding under increased shear stress, but also switch back from high-to low-affinity binding upon decreased shear stress, resulting in detachment. To test whether the mutations affect detachment after a drop in shear stress, the adherent bacteria that were subjected above to high shear stress (2 Pa) were abruptly switched to low shear stress conditions of 0.01 Pa. As expected, bacteria with WT FimH SP gradually detached from the surface after the drop in shear stress ( Fig. 3D; 30-90 s) . Surprisingly, the mutants detached from the surface more slowly. Most significant were the V-4E mutant bacteria, of which 95% remained attached and stationary after 1 min of low shear stress versus 72% of WT and 83% of the T-6N mutant. Thus, despite having fewer fimbriae, the mutant bacteria are more capable than WT of sustaining a strong binding mode upon a switch from high to low shear stress.
SP Mutations Do Not Dramatically Affect Binding to Bladder Epithelial
Cells but Decrease Killing by Neutrophils. In vitro binding to T24 bladder epithelial cells was compared for FimH SP mutants versus WT. None of the naturally occurring mutants bound significantly differently to bladder epithelial cells than WT. Only the synthetic mutant, V-4E, showed a significant difference with a 22% decrease (Fig. 4A ). Binding to human neutrophils was tested and found to be decreased from the WT level for the T-6N/V-10I and V-4E mutants (15 and 19% decreases, respectively; Fig. 4B ). Bacterial killing by human neutrophils was also compared for all variants, and several mutants were more resistant to killing; the T-6N, T-6N/V-10I, and V-4E mutants were killed significantly less than WT, with 15%, 45%, and 60% decreases in killing, respectively (Fig. 4C ).
Positive Selection of SP Mutations in Another Type 1 Fimbrial Subunit,
FimG. Phylogenetic analysis of signal sequence mutations in all genes of the fimAICDFGH operon revealed an abundance of nonsynonymous (n ϭ 6) relative to synonymous (n ϭ 0) mutations in fimG, the minor tip subunit that is added immediately after FimH during fimbriae biogenesis (Table 1) . This finding suggests positive selection for replacements in the FimG SP. The FimG SP mutations are predicted to decrease transport function based on amino acid properties and the SignalP hidden Markov model (26) . When the occurrence of FimH SP mutations was analyzed in strains sequenced for FimG, the vast majority of the mutant FimH SP alleles were found to occur in strains that also have FimG SP mutations predicted to decrease transport (Table  S1 ). In contrast, most strains with FimH SP mutations have the phylogenetically primary SP haplotype of the other fim genes.
Discussion
This study demonstrates that naturally occurring FimH SP mutations are loss-of-function in nature, as they diminish the translocation efficiency of FimH across the inner membrane, leading to fewer fimbriae expressed on the bacterial surface and decreased binding under flow conditions. Paradoxically, the mutations also result in a gain-of-function phenotype, an increase in the adhesive strength upon a sudden drop in flow, that is likely caused by the increased fimbrial length. In addition, the mutations lead to an increased resistance to killing by neutrophils. Both of these gain-of-function phenotypes could lead to increased uropathogenicity of FimH SP mutant bacteria. E. coli has acquired the T-6N mutation at least four times, which is strong evidence of positive selection. Consistent with the computational prediction, the T-6N mutation decreased transport of the reporter gene alkaline phosphatase. The two other mutations, V-10I and V-10A, occurred at the same position and on the T-6N background, which is also evidence of positive selection. Although both mutations at position Ϫ10 decrease hydrophobicity, V-10I resulted in a further loss-of-function, whereas V-10A had a compensatory effect to T-6N. The error in computational prediction regarding the V-10A mutation suggests there are other factors in addition to hydrophobicity important for function. Although the natural mutations that decrease transport have a moderate effect (within 26-37%), even subtle changes in fitness can have profound adaptive effects under physiologic conditions over many generations. However, to ease experimental dissection of the effects of the natural mutations, we constructed an additional mutation in the SP, V-4E, with a more significant loss-of-function effect than the natural mutations.
Decreased transport of FimH across the inner membrane resulted in fewer FimH on the bacterial surface and fewer fimbriae, as one would expect because FimH initiates fimbriae formation. At the same time, however, fimbrial length measurements by EM and AFM showed longer fimbriae for the mutants. Although it is unknown whether a mechanism exists for controlling type 1 fimbrial length, studies here indicate that type 1 fimbrial length is determined, at least in part, by the ratio of FimA to FimH in the periplasm. Although the FimH SP mutations decrease transport of FimH, they are not expected to affect transport of FimA. As a result, FimA:FimH in the periplasm would be increased, translating into more FimA incorporated per individual fimbria and consequently longer fimbriae.
The fact that under static conditions bacterial binding to mannose was not affected by SP mutations is likely because the number of FimH-mannose bonds formed was high enough in all strains to resist postincubation bacterial removal by washing. Under various levels of shear stress, however, SP mutants adhered significantly less than WT. This lower accumulation rate is likely caused by decreased on rates of attachment of mutant bacteria, with fewer adhesins translating into fewer opportunities to initiate adhesion under the fast dynamics of bond formation under flow. At the same time, fewer adhesins did not affect the adhesion mode (i.e., rolling vs. stationary) of surface-attached bacteria, suggesting that the lowered attachment rates have a negligible effect on maintaining bacterial attachment to the surface under continuous flow, likely because this step does not require as fast of a bond-formation rate as during adhesion initiation. A similar difference in the dependence of adhesion initiation and maintenance on fast on-rates was noted previously (27) .
Despite the lowered accumulation rate, the shear-enhanced, catch bond properties of the FimH adhesin do not appear to be affected by the SP mutations, based on the similarity in the level of shear stress where surface accumulation peaks and in the conversion rates from rolling to stationary under increased shear. The FimH catch bond is allosteric in nature, with separation of the lectin and pilin domains under shear-induced tensile force resulting in a shift of the mannose-binding site from a low-to high-affinity conformation (20) . Although the details of the conformational link between the interdomain configuration and the binding site are unclear, the allosteric properties of FimH are strongly supported by the presence in FimH of an integrin-like ligand-induced binding site epitope for monoclonal antibodies and by single-molecule studies using AFM (28) . This catch bond mechanism was shown to provide a means for resistance of bacterial adhesion to soluble inhibitors and for surface spreading in biofilm formation (29) .
One of the characteristics of the FimH catch bond is its reversibility upon a drop in shear stress, whereby in the absence of a strong tensile force, interaction of the domains is restored and the binding site shifts from the high-to low-affinity configuration (30, 31) . Consequently, firmly bound bacteria detach from the surface when shear changes from high to low. Surprisingly, this rate of detachment after a drop in shear stress was significantly reduced in the SP mutant bacteria. In other words, paradoxically, a decreased number of adhesins is accompanied by an increased strength of bacterial adhesion. Because the functional properties of individual FimH adhesins do not appear to be affected by SP mutations, the increased adhesion could be attributed to the mutants' longer fimbriae. In a recent study, type 1 fimbriae were shown to uncoil under high tensile force and recoil back upon a drop in force (21) . This recoiling is proposed to maintain optimal force on the FimH-mannose bond, slowing FimH's shift from the high-to low-affinity conformation. This could be a mechanism for resisting bacterial detachment from the surface in environments where shear stress frequently fluctuates. The increased adhesion of the SP mutants relative to WT upon a drop in shear stress could be caused by longer uncoiled fimbriae taking more time to recoil, increasing the bond lifetimes. Also, longer fimbriae might allow for farther uncoiling before additional fimbriae bind the surface, especially consid- ering the mutants' decreased surface FimH. When the flow is decreased and the fimbriae recoil, the mutants could be anchored between fimbriae pulling in opposite directions, maintaining force on the FimH bonds and preventing the bacteria from detaching (illustrated in Fig. S7 ). Regardless of the underlying mechanism, this is an unexpected gain-of-function effect of loss-of-function SP mutations. It also suggests that the fimbrial rod has a direct impact on adhesive function and that its length is a finely adapted property optimized for the shearenhanced, catch bond mechanism of FimH-mediated adhesion. It is possible that sustaining strong binding upon an abrupt decrease in shear stress could provide an advantage to bacteria in certain environments with oscillating shear stress, such as compartments of the urinary tract. There could also be other physiologic consequences of FimH SP mutations. Capsules have been shown to block adhesion (32) and, if a thicker capsule provides an advantage under certain conditions, longer fimbriae could preserve the adhesive phenotype. Also, the surface of bacteria and certain target cells could have similar electric charges, and longer fimbriae could accomplish adhesion more efficiently under cell-cell repulsive conditions. Additional studies are needed to evaluate the many potential adaptive benefits of longer fimbriae.
Some direct evidence for a possible advantage of SP mutations in the urinary tract was obtained from the studies with bladder epithelial cells and human neutrophils. The natural SP mutations do not affect in vitro adhesion to bladder epithelial cells under the assay conditions, which were static. Because a static or low shear stress environment is likely typical within the bladder between urinations, the mutants' fewer fimbriae may not result in significantly decreased tropism to the bladder uroepithelium. However, the synthetic mutation significantly decreased uroepithelial cell binding, suggesting that if the natural mutations had a stronger effect they, too, would decrease binding. In contrast, both the synthetic and a naturally occurring SP mutant bound significantly less efficiently to human neutrophils. One reason for the difference in binding to bladder epithelial cells and neutrophils could be the assay conditions, which in the case of neutrophil binding included intermittent, low shear stress from sample inversion (once every 10 min). Under physiological conditions in the urinary tract, interactions between bacteria and neutrophils are also likely to occur under some shear stress, considering encounters in the liquid (urine) phase and active movement of defense cells along the uroepithelium surface. Another possible explanation for the small difference in binding to uroepithelial cells and neutrophils is a structural or quantitative difference in the mannosylated receptors on the different cell types. Decreased mutant binding to neutrophils could be the reason for their increased resistance to neutrophil-mediated killing, although the role of their longer fimbriae in reducing killing cannot be excluded. Neutrophils migrate to and across bladder epithelium at the first sign of infection to phagocytose and kill bacteria. The increased survival to human neutrophilmediated killing exhibited by mutants with fewer and longer fimbriae could be highly advantageous.
While possibly benefiting E. coli survival in and colonization of the urinary tract, the FimH SP mutations could be detrimental to E. coli in other niches and/or in the long term. Indeed, fimH alleles with SP mutations appear to circulate only for a short time from an evolutionary perspective, as they do not accumulate silent changes. In this respect, the mutant SP alleles are similar to mutant mature protein alleles that enhance FimH's ability to bind at low shear conditions and are also selected in uropathogenic E. coli (23, 33) . A tradeoff of mature protein mutations could be a reduced resistance to adhesion inhibition by salivary proteins in the course of oropharyngeal colonization as a part of the fecal-oral transmission of E. coli (16) . A tradeoff of SP mutations could be decreased adhesion under shear stress created by flow of high viscosity fluids bathing the oropharyngeal or other mucosal surfaces. Interestingly, the allele with the V-10A compensatory mutation is carried by a nonpathogenic, fecal isolate, supporting the overall negative effect of SP lossof-function mutations for commensal ecology.
Finally, we found evidence for positive selection in the SP of FimG, the tip-associated subunit added immediately after FimH in the course of fimbrial biogenesis. The phenotype of the wild strains with FimH SP mutations is likely to be enhanced by loss-of-function FimG SP mutations, suggesting that these mutations are coselected for the same phenotype. Although SP mutations were found in other fimbrial subunits as well, evidence for positive selection in these genes is weak, and FimH mutant alleles occur predominantly with the primary, nonmutated forms of these genes. Thus, there is no evidence for compensatory effects between FimH SP mutations and such mutations in other subunits, including the major subunit FimA. Beyond type 1 fimbriae, it is possible that SP mutations could be positively selected in other fimbriae or surface organelles, providing a common mechanism for regulating membrane transport and surface expression of structural proteins.
Materials and Methods
Strains and Plasmids. Strains are listed in Table S2 . fimH signal sequencealkaline phosphatase (phoA) fusions were constructed in pJDT3 (34) , and the plasmids were introduced into ⌬phoA strain CC191 (35) to generate strains LS4-4-20 (WT FimH SP), LS4-4-1 (T-6N), LS4-4-27 (T-6N/V-10I), LS3-31-2 (T-6N/ V-10A), and LS4-4-8 (V-4E). Strain CC191pJDT3 has pJDT3 without the fimH signal sequence. For the morphology, adhesion, and neutrophil studies we used strains based on fimH-null UTI isolate CI10-9 (16) with pPKL9, which contains the positive type 1 fimbrial regulator, FimB (33) . fimH alleles, all with the same mature protein coding sequence and different signal sequences, were introduced into CI10-9 on pBeloBAC11 (New England Biolabs), generating strains LS76 (WT FimH SP), LS60 (T-6N), LS68 (T-6N/V-10I), LS154 (T-6N/ V-10A), and LS141 (V-4E). Thus, the strains are isogenic other than the FimH SP. LSpBB has pBeloBAC11 without fimH. For all experiments the strains were grown in super broth statically overnight at 37°C with appropriate antibiotics and then washed with PBS. To control for possible inconsistencies in gene expression, two separate strains were constructed for each SP allele and tested in parallel for all experiments. No discrepancies between corresponding strains were found and the results were combined to enhance statistical resolution.
Phylogenetic Tree Building. fim gene sequences, including those from publicly available and in-house sequences, were used to construct maximumlikelihood DNA trees by using PAUP* 4.0b (36) .
Alkaline Phosphatase Assay. Assays were performed on strains CC191pJDT3, LS4-4-20, LS4-4-1, LS4-4-27, LS3-31-2, and LS4-4-8, and units of activity were calculated as described (37) (see also SI Text).
Flow Cytometry. Flow cytometry was performed essentially as described (38) , labeling FimH on LS76, LS60, LS68, LS154, LS141, and LSpBB using primary antibodies against FimH and FITC-conjugated secondary antibodies (see also SI Text).
EM. Grids were prepared as described (39) . They were examined with a Philips 410 transmission electron microscope, and digital images were taken by operators blind to strain identity. Numbers and lengths of type 1 fimbriae were determined by using AlphaEaseFC software and were reproducible by two individuals blind to strain identity. The number of cells analyzed per strain were: 20 WT, 17 T-6N, 14 T-6N/V-10I, 15 T-6N/V-10A, and 15 V-4E.
AFM. Surface and tip functionalization with mannosylated protein (bovine ribonuclease B), bacterial adherence to the surface, and cantilever spring constant calibration were performed as described (21) . All pulls were performed at 2 m/s over 20 m using the same cantilever. Uncoiled fimbrial length was measured as the distance from the bacterial surface to the location of FimH bond rupture, which is detected by a characteristic spike in force (21) . The number of areas interrogated for each strain were: 47 WT, 39 T-6N, 12 T-6N/V-10I, 20 T-6N/V-10A, and 20 V-4E.
